The possibility of introducing azido functions onto polydopamine by diazo transfer making use of existing aminoethyl moieties was verified at polydopamine-coated magnetite nanoparticles. The resulting azidofunctionalized Fe 3 O 4 @polydopamine nanoparticles serve as a magnetic nano-platform for the introduction of interesting applicatory functions by click-chemistry (CuAAC) as exemplified by linking biotin, tetraacetylglucose, dansyl and proline.
Introduction
Nanotechnology has grown rapidly in recent years. [1] [2] [3] Magnetic nanoparticles (MNP) are among the pillars of this field. 4 They have been widely used in medicine, 5 as drug delivery systems, 6, 7 resonance imaging, 8 and as support for metal catalysts and organocatalysts. [9] [10] [11] Different coating agents have been used for covering MNP, 12, 13 for example polymers like dextrane, 14 polyvinyl alcohol, 15 polypyrrole, 16 polyacrylates 17 and others. 18 Non-polymeric agents like carboxylic acids are also suitable. 19 The coating can allow surface engineering of MNP either by direct introduction of functionalities or reactive groups for further reactions. In the latter case amino, azido, isothiocyanate and carboxylic groups are common. Azido groups have gained increasing interest because they can undergo copper-catalyzed azide alkyne cycloaddition (CuAAC). This reaction tolerates most functional groups and the resulting 1,2,3-triazoles are robust linkers. Thus, azido groups are powerful tools also for chemoselective 20 and orthogonal functionalization of MNP. [21] [22] [23] One of the methods for introducing the azido moiety onto MNP is the diazo transfer reaction to amino groups. 24 This reaction was applied for membrane modification. 25 It was also utilized in the preparation of trifunctional magnetic nanoparticles, one of the key synthetic steps for linking a myriad of (bio)macromolecules. 20 Lately, polydopamine (PDA) has been introduced as versatile polymer coating. 26, 27 [29] [30] [31] [32] [33] [34] [35] , such as in drug transport and delivery, as antibacterial coatings, in separations of biological materials or poisonous contaminants 36, 37 and as supports for metal 29 and organocatalytic moieties.
38
PDA coatings also served as media for fixing various biomolecules or enzymes. 39, 40 Here, the occurrence of carbonyl and Michael-acceptor moieties is exploited enabling reaction with amines or thiols as nucleophiles. In order to extend the scope of functionalization of PDA other reactive groups have to be introduced. Recently, we presented the introduction of azido groups into PDA by reaction with 4-azidobutylamine enabling CuAAC for further functionalization. 38 Taking into account a recent report that PDA contains aminoethyl groups 41 it appeared challenging to exploit the hitherto ignored amine reactivity rather than the carbonyl or Michel-acceptor reactivity.
Here, we disclose diazo transfer reaction performed directly at PDA coated MNP. As a result, a new magnetic azido nanoplatform with robust PDA coating is obtained. The chemical reactivity of the appearing azido functionalities was verified by subsequent CuAAC reactions with different important biological units like biotin (a recognition function), galactose (interest in cancer therapy), dansyl (fluorescent marker) and proline (organocatalyst).
Experimental part
The morphology of functionalized magnetic nanoparticles was determined by TEM using a 1010 JEOL transmission electron microscope. The mean diameter was obtained from the fitting of diameter histograms with a log-normal distribution function as given by the following equation:
where D is the diameter, D 0 is the mean diameter and σ is the standard deviation. FT-IR spectra were measured on a JASCO FTIR 610 spectrophotometer. The magnetic measurements were performed at room temperature using a Vibrating Sample Magnetometer, Cryogenics.
The chemical surface analysis for the functionalized magnetic nanoparticles was performed by X-ray Photoelectron Spectroscopy (XPS) using a XPS spectrometer SPECS equipped with a dual-anode X-ray source Al/Mg, a PHOIBOS 150 2D CCD hemispherical energy analyzer and a multi-channeltron detector with vacuum maintained at 1 × 10 −9 torr. The AlK Kα X-ray source (1486.6 eV) operated at 200 W was used for XPS investigations. The XPS survey spectra were recorded at 30 eV pass energy, 0.5 eV per step. The high resolution spectra for individual elements were recorded by accumulating 10-15 scans at 30 eV pass energy and 0.1 eV per step. The samples were applied as colloidal suspensions in methanol and dried in successive layers on an indium foil stacked on a Wolfram sample holder. The surface cleaning was performed by argon ion bombardment at 300 V for 3 minutes. Data analysis and curve fitting were performed using Casa XPS software with a GaussianLorentzian product function and a non-linear Shirley background subtraction. Dynamic light scattering (DLS) measurements were carried out with a Brookhaven Instrument Corp. goniometer and a light scattering system. Acquisition time was set at 90 seconds, a laser radiation wavelength of 632.8 nm was used and the angle for data acquisition was 90°. Magnetic nanoparticles covered with a chemisorbed oleic acid monolayer were obtained from the group of Prof. Dr Ladislau Vekas, Romanian Academy -Timisoara branch.
Synthesis of MNP 2
MNP 1 (1.33 g) were dispersed in H 2 O (2.66 ml) followed by addition of NaHCO 3 (0.717 g, 8.5 mmol). CuSO 4 ·5H 2 O (21 mg, 10 mol%) and TfN 3 solution (4.5 ml, 2 M MeOH-PhMe-H 2 O mixture) were added. Stirring was continued at RT for 20 h. MNP 2 were collected by an external magnet and washed with MeOH (2 × 100 ml) and Et 2 O (2 × 50 ml). After drying MNP 2 were obtained as black powder.
Synthesis of MNP 4
In a typical experiment MNP 2 (0.22 g) were dispersed in MeOH (10 ml) followed by addition of alkyne 3 (0.5 mmol). CuSO 4 ·5H 2 O (25 mg, 20 mol%) and sodium ascorbate (40 mg, 40 mol%) were added under stirring. The mixture was stirred at RT for 20 h. After collecting by an external magnet, washing with MeOH (3 × 100 ml) and drying the MNP 4 were obtained as black powder.
Results and discussion
Magnetic nanoparticles 1 coated with PDA were prepared according to a literature protocol. 38 The diazo transfer reaction was performed similarly to a reported procedure 42 in a heterogeneous phase, with a TfN 3 solution in the presence of NaHCO 3 and CuSO 4 ·5H 2 O as the catalyst. The resulting MNP 2 were magnetically separated. The morphology of the particles 2 was determined by TEM revealing well separated, nicely dispersed nanoparticles with spherical shape and a medium size of about 16 nm (Fig. 1 ). They exhibit a peak at 2107 cm −1 in the FTIR-spectrum typical for azido moieties (Fig. 2) . This proved that diazo transfer reaction at MNP 1 was successful and provided new azido modified PDA coated nanoparticles 2 as a potentially magnetic nanoplatform for CuAAC with alkyne partners. According to DLS-measurements the hydrodynamic diameter amounts to 340.7 nm in methanol (Fig. 6 ). As can be seen by the lack of a hysteresis loop in the magnetic measurement (Fig. 5 ) MNP 2 are superparamagnetic with a high value of saturation magnetisation M s = 52 emu g −1 .
With these novel magnetic nanoplatforms 2 in hand we checked their versatility to attach bio-entities via CuAAC reaction in some selected examples. CuAAC was performed with propargyl derivatives of biotin 3a, tetraacetylgalactose 3b, dansyl 3c and proline 3d (Scheme 1) in MeOH using CuSO 4 -Na-ascorbate as the catalytic system. FTIR spectra of the resulting MNP 4 revealed a decrease of the intensity of the azide peak as compared with the precursors 2 confirming a successful transformation of azido moieties into triazoles as a result of the CuAAC. Obviously, some of the azido groups of MNP 2 were not accessible by the CuAAC explaining the fact that the azido IR-band did not fully disappear. A similar effect was observed in CuAAC reactions of PDA-coated MNP. 38 Anyway, the remaining azido groups in MNP 4 do not create problems because they are hardly accessible and chemically inert in most other applications. In the galactose-tetraacetate containing MNP 4b a CvO stretching vibration at 1757 cm −1 and a C-O-C valence band at 1236 cm −1 was observed in the FTIR spectrum, while MNP 4c exhibit an IR-band at 1370 cm −1 due to the stretching vibration of the sulfonamide group found in dansyl. TGA of the MNP 2 and 4b revealed an increase in organic material after the CuAAC which is in agreement with the increase in molecular weight of 4b (see ESI †).
The successful introduction of bio-entities was further proved by XPS measurements. Thus the deconvoluted S 2p spectrum of 4a (Fig. 3) proved the presence of sulphur. It contains a doublet S 2p 3/2 -162.9 eV and S 2p 1/2 164.5 eV in the ratio 2 : 1 corresponding to the C-S-C moiety of biotin. In addition, another doublet S 2p 3/2 -167.8 eV, S 2p 1/2 169.4 eV is found, which can be explained by a -C-SO 2 -C-moiety obviously derived from oxidized biotin. It is well known that the oxidation of the biotin moiety occurs easily with different oxidizing reagents such as peroxides under mild conditions and is also observed in biological metabolism of biotin. The C 1s spectrum can be deconvoluted into three peaks corresponding to carbon atoms from different groups. The higher binding energy component centered at 289.2 eV corresponds to carbon atoms from the O-CvNH/ CvO groups, the intense component peak located at 286.5 eV is ascribed to carbon atoms from the C-S/C-N/C-O groups, while the component at 285.3 eV corresponds to C-C/ CH n groups. The O 1s spectrum exhibits three components assigned to the oxygen atoms of the CvO/OvC-NH group (534.4 eV), C-O groups (531.7 eV) and to metal oxides, magnetite and oxidized indium support, respectively Fe-O/In-O (529.9 eV). The N 1s core-level spectrum shows three components in agreement with the functionalization with biotin and the presence of unmodified azido groups: (i) the component at 399. The SO 2 N moiety of the dansyl functionalized MNP 4c is confirmed by the presence of two components at 2p 3/2 (168.4 eV) and 2p 1/2 (169.3 eV) in a ratio of 2 : 1 in the S 2p core-level XPS spectrum (Fig. 4) . Again, residual azido groups are found at 399.5 eV and 401.4 eV. The best approximations of the C 1s and O 1s spectra were obtained with three components described by a Gaussian-Lorentzian product function, with full-width at half maximum (FWHM) smaller than 3.1 eV. C 1s consists of the following peaks: C-C/CH n at 284. The PDA-coated NP maintained their superparamagnetic properties during the transformation from 2 to 4 as can be seen by the magnetic measurements (Fig. 5) . The slight decrease in the saturation magnetization values is attributed to the increase in weight as a result of the CuAAC. But they are still high (4a: 45 emu g −1 , 4b: 39 emu g −1 , 4c: 45 emu g −1 , 4d:
49 emu g −1 ) making the MNP 4 attractive for applications in biology or medicine where localization is necessary under the influence of an external magnetic field. The functionalized MNP 4 form colloidal suspensions in water where they showed narrow size distributions (Fig. 6) . 
Conclusions
A novel way of extending the reactivity of PDA coated magnetic nanoparticles to CuAAC was disclosed by applying direct diazo transfer reaction to the amino groups found in PDA. This reaction presents a further experimental proof for the recently verified structural model for PDA. 41 In this straightforward way azido moieties were introduced on the surface of MNP resulting in a new magnetic nanoplatform. In order to exemplify its utility it was submitted to CuAAC click reaction with alkynecontaining applicatory functions, such as biotin, tetraacetylgalactose, dansyl and proline. The new materials show superparamagnetic behaviour with high values of magnetization, which is essential for applications where direction of the nanoparticles by a magnetic gradient is necessary. It is worth mentioning that this method of diazo transfer does not block quinone functions present in the PDA. Hence, combination of the CuAAC reactivity with Michael and thio-Michael reactions is still possible. This can lead to orthogonal double functionalization of virtually any material covered with PDA and may be useful in preparation of smart materials. Studies of the preparation of such smart materials, employing the dual reactivity of PDA, are presently underway in our laboratory.
